Motivated by the indications of a possible deficit of muon tracks and also of an apparent energy gap between 300 TeV-1 PeV in the 3-year IceCube high-energy neutrino data, we question the standard assumption of a single power-law flux with (1:2:0) neutrino flavor composition at an astrophysical source. Instead, we entertain the possibility of another well-motivated source with (1:0:0) composition which naturally justifies the existence of a new two-component flux. Our proposed two-component flux explains the key features of the current data better, i.e. it addresses the 'muon deficit problem' along with the energy gap without invoking any New Physics interactions. Given the extreme importance of the flavor composition for the correct interpretation of the underlying astrophysical processes as well as for the ramification for particle physics, it is highly desirable that the flavor composition be extracted from experiment as more data is accumulated.
I. INTRODUCTION
The recent observation of ultra-high energy (UHE) neutrino events at IceCube [1] [2] [3] in previously uncharted energy regime has commenced a new era in Neutrino Astrophysics. With the 3-year data, the observed total of 37 candidate events reject a purely atmospheric explanation at 5.7σ [3] and strongly suggest an extra-terrestrial origin. This provides a unique opportunity to directly probe the energetic physical processes occurring in dense astrophysical environments, which are otherwise inaccessible with traditional messengers like photons or charged particles.
It is imperative for both astrophysics and particle physics to understand all possible aspects of the UHE neutrino events (see e.g. [4, 5] ). Since no significant clustering is observed [3] and there is no evidence for point-like sources of astrophysical neutrinos [6] , the current data suggests either many isotropically distributed point sources or some spatially extended sources. Moreover, most of the UHE neutrino events have arrival directions in high galactic latitudes [3] , thereby suggesting a dominant extragalactic component [7] , which could be attributed to various astrophysical sources. Typical examples are cosmic-ray (CR) reservoirs like star-burst galaxies and galaxy clusters/groups [8] , CR accelerators like active galactic nuclei (AGNs) [9, 10] , gamma-ray bursts [11] and newborn pulsars [12] , or even charmed meson decay in mildly relativistic jets of supernovae [13] . A cosmogenic source due to UHECR interactions with the CMB background is now disfavored [14] . However, a sub-dominant galactic contribution, possibly associated with known local large diffuse TeV to PeV γ-ray sources at the galactic center [15] or the interstellar medium [16] cannot be ruled out yet.
In the IceCube analyses so far, the astrophysical neutrinos are assumed to have originated from the decay of charged pions/kaons produced through hadro-nuclear (pp) or photo-hadronic (pγ) interactions of UHECRs in a dense astrophysical system. The decay chain
± → e ± + ν e (ν e ) +ν µ (ν µ ) leads to a flavor composition of (ν e :ν µ :ν τ ) S =(1:2:0) S at the source (S). After the neutrino oscillations are averaged over an astronomical distance scale, the final composition on Earth (E) becomes (1:1:1) E [17] . The flux of these neutrinos follows that of the progenitor protons, which is typically a power-law spectrum Φ ∝ E −γ with γ ∼ 2 for a diffusive Fermi-shock acceleration mechanism [18] .
Using the (1:1:1) E flavor composition and assuming a single-component E −γ flux over the entire energy range of interest, it was shown [19, 20] that the 2-year IceCube data was largely consistent with the expectations from the Standard Model (SM) neutrino-nucleon interactions. This provides a unique test of the SM involving the highest energy neutrinos ever observed in Nature and any statistically significant deviations in future might call for a non-standard explanation. In fact, several New Physics scenarios have been envisaged in this context, e.g. early-decay of a massive long-lived particle [21] , decay [22] or annihilation [23] of a heavy Dark Matter, secret neutrino interactions involving a light mediator [24] , lepto-quark resonance [25] , decay of massive neutrinos to light ones over cosmological distances [26] , mirror neutrinos [27] , superluminal neutrinos [28] , coloroctet neutrinos [29] and TeV-scale gravity [30] . Even within the SM framework, various other possibilities have been considered, e.g. the Glashow resonance inν e e − [31] and ν γ scattering [32] , and interactions of nuclei with matter [33] . If the data continues to be consistent with the SM predictions, one can put useful constraints on some of the exotic scenarios mentioned above [5] .
Nevertheless, it was pointed out in [20] that the (1:1:1) E flux seems to give a mild deficit in the observed muon tracks at high energies. This was recently con-firmed in a dedicated likelihood analysis [34] , which disfavors the (1:1:1) E composition at 92% CL using the 3-year data. Ref. [34] argued that (1:0:0) E provides the best-fit, but this composition cannot be attained from any flavor ratio at an astrophysical source within the standard neutrino oscillation framework [35] . In light of this, other possible flavor ratios at source [36] need to be scrutinized.
In this paper, we critically examine the flavor and spectral compositions of the UHE neutrino flux in light of the 3-year IceCube data. After confirming the 'muon deficit problem' with the standard (1:2:0) S flux, we consider another well-motivated source with (1:0:0) S flavor composition. Once one recognizes the existence of both (1:2:0) S and (1:0:0) S sources, it is rather natural to consider a twocomponent flux. We show that such a two-component flux offers a simple solution to the muon deficit problem as well as an alternative explanation of the apparent energy gap between 300 TeV-1 PeV, all within the SM framework, without invoking any New Physics.
II. EVENT RATE
The expected number of neutrino-induced events at IceCube can be written as
where E dep is the electromagnetic-equivalent deposited energy, which is always smaller than the incoming neutrino energy E ν in the laboratory frame by a factor depending on E ν and the type of interaction, T is the time of exposure, N A is the Avogadro number, Ω is the solid angle of coverage, Φ is the incident neutrino flux, V eff is the effective target volume of the detector, A is the attenuation factor for upgoing neutrinos traveling through the Earth material, σ is the neutrino-induced interaction cross section, and y = (E ν −E )/E ν , E being the energy carried by the outgoing lepton in the laboratory frame.
The numerical values of the parameters in (1) For the upgoing events, we include an attenuation factor [37] A(E ν ) = 1 2
where θ is the incident angle of the incoming neutrinos above nadir, L int (E ν ) = 1/σ(E ν )N A is the interaction length, and z(θ) is the effective column depth for upgoing neutrinos (for downgoing events, z(θ) = 0), which is obtained from the Preliminary Reference Earth Model [38] .
The Earth attenuation effects become important at energies above ∼ 100 TeV, making the Earth opaque to UHE neutrinos [37] . This is why all the PeV events observed at IceCube are downgoing events. For the upgoing τ -neutrinos, one should also include the regeneration effects inside the Earth [39] , which lead to fast τ -decays producing secondary neutrinos (of all flavors) with lesser energy than the original incident one [40] . (iv) V eff (E ν ) = M eff (E ν )/ρ ice is the effective target volume, where ρ ice = 0.9167 g cm −3 is the density of natural ice and M eff is the effective target mass which includes the background rejection cuts and event containment criteria [2] . (v) For the incoming neutrino flux, we first assume a single-component unbroken power-law spectrum:
where Φ 0 is the total ν +ν flux for all flavors at E 0 = 100 TeV in units of GeV
The exact energy dependence depends on the extra-terrestrial source evolution models [5] , and hence, the spectral index γ is kept as a free parameter in our analysis. (vi) E dep as a function of E ν is calculated using the procedure outlined in [20, 41, 42] . For the cascade events caused by ν e , ν τ charged-current (CC) and a sub-dominant all-flavor neutral current (NC) interactions, the underlying true neutrino energy can be reconstructed better than that for the track events caused by ν µ CC interactions [43] . In the latter case, the true muon neutrino energy could be much higher than the deposited energy due to the throughgoing muons, thus allowing us to set only a lower limit on E ν [41] . (vii) The (anti)neutrino-nucleon cross sections are calculated using the NNPDF2.3 [44] parton distribution functions (PDFs) at next-to-next-to-leading order.
III. χ 2 -ANALYSIS
Using the parameter values given above, we use (1) to compute the expected number of events from the SM CC and NC interactions. Together with the expected atmospheric background, we obtain the predictions for the SM signal+background events N SM i , where i denotes the number of deposited energy bins. For a given flavor composition, we perform a χ 2 -analysis to determine the best-fit values and the 3σ allowed ranges of Φ 0 and γ in (3), as required to fit the 3-year IceCube dataset with N IC i ± δN i observed events in the i-th energy bin. Thus, we minimize the function
We also impose the prior that the SM predictions for the number of events are at least equal to the observed values in each category, viz. total, upgoing, downgoing, track and shower, after taking into account the expected background uncertainties [3] .
Given a flavor ratio (f 0 e :f 0 µ :f 0 τ ) S of ν +ν at source, the corresponding value (f e :f µ :f τ ) E on Earth is given by
where U i are the elements of the PMNS mixing matrix and P is the oscillation probability for ν → ν in vacuum. Using (5) with the current 3σ values of the neutrino mixing parameters [35] , (1:2:0) S leads to (0.9-1:1.1-1:1-0.9) E which we assume to be (1:1:1) E for numerical purposes. As mentioned in the Introduction, we also consider a different flavor composition (1:0:0) S which, according to (5), leads to (2-2.3:0.6-1.1:1.3-0.8) E , mostly depending on the value of the atmospheric neutrino mixing angle θ 23 , which has a relatively large uncertainty [35] . For our numerical analysis, we assume this new flux to be (2:1:1) E . Some well-motivated sources for this new (1:0:0) S flux will be discussed below.
The best-fit and the 3σ allowed ranges of γ and Φ 0 derived from our χ 2 -analysis are shown in Figure 1 for both (1:1:1) E and (2:1:1) E flavor compositions. We also show the corresponding p-value for the χ 2 -fit assuming a Poisson distribution. Note that the flux normalization values shown here are consistent with the observational upper bounds on the UHECR and diffuse neutrino fluxes [45] , and in particular, with the 0.1-10 PeV gamma-ray limits E 2 γ Φ γ < ∼ 10 −9 − 10 −8 GeVcm −2 s −1 , which indicates a relation between the sources of the UHE neutrinos and UHECRs [4] . However, for the (1:1:1) E flavor ratio, our best-fit spectral index γ = 2.5 is higher than that predicted by a typical Waxman-Bahcall flux (∼ E −2 ) [46] . One may note here that a recent IceCube analysis with a lower energy threshold of 10 TeV for neutrinos from the southern sky also favors an E −2.5 spectrum over E −2 [47] .
A closer look at the signal events for (1:1:1) E reveals a potential 'muon deficit' problem, as illustrated in Table I . Here we have shown the expected number of signal events from our χ 2 best-fit for (1:1:1) E composition in various categories. Including the contribution from the expected atmospheric background [3] due to CR muons and atmospheric muon neutrinos from π/K and charmed meson decay, we compare our best-fit predictions with the observed data for integrated number of events between 60 TeV < E dep < 3 PeV. It is clear that the (1:1:1) E flavor composition predicts higher number of muon tracks than that observed in this energy range. This deficit becomes more severe if we consider the fact that out of the 4 candidate events above 60 TeV, one event has an apparent first interaction near the detector boundary, which is consistent with the expected muon background [3] .
IV. A NEW SOURCE
We propose a new solution to the 'muon deficit problem' by postulating a different astrophysical flux of UHE neutrinos with (1:0:0) S flavor composition. Such a flux with only electron-type (anti)neutrinos in the TeV-PeV energy range might originate from various well-motivated physical processes, e.g. nuclear β-decay of relativistic neutrons, UHECRs interacting with relativistic electrons, electron-positron scattering in a dense medium, and so on. The production of relativistic neutrons is an inevitable consequence of collisions of relativistic protons with ambient matter and radiation in CR accelerators such as AGNs [48] . In fact, the efficiency for producing neutrons is greater (by roughly a factor of 10) than that for photons because for pp → π 0 + (anything) → γγ, the cross section falls rapidly near the kinematic limit, whereas the p → n cross section is flatter. The most favorable case is when heavy nuclei such as iron are in-jected in a strong magnetic field [49] . Due to their large Larmor radii, the accelerated nuclei quickly dissociate to their constituent protons and neutrons, which are then accelerated to relativistic speeds. The protons are degraded in energy or swept aside by the magnetic field, while the relativistic neutrons escape from the central engine without much interaction and can travel up to 1-100 pc, depending on their energy, before decaying. Since nuclear fragmentation takes place at constant energy per nucleon, the gain in efficiency for accelerated nuclei is larger than that for protons [18] .
Similarly, CR electrons can be accelerated up to the knee of the CR spectrum at ∼ 1 PeV by rapidly expanding shock fronts, e.g. in a supernovae remnant [50] . Another possible mechanism for accelerating electrons to very high energies is by efficient energy transfer via the relativistic centrifugal force in rapidly spinning magnetospheres of compact objects such as pulsars and AGNs [51] . Energy losses due to Synchrotron radiation and Inverse Compton scattering might reduce the overall efficiency of acceleration, but the centrifugally driven Langmuir wave collapse is strong enough to guarantee efficient acceleration to UHEs [51] . Note that for the standard astrophysical neutrinos from pion/kaon decay, if the magnetic field strength at the source is very high, muons in the decay chain will lose energy before decaying, and the flavor ratio at the source will be modified to (0:1:0) S from (1:2:0) S [52] . In this case, the 'muon deficit problem' becomes more severe, and one might anyway require an additional source like (1:0:0) S proposed here.
Using a similar χ 2 -analysis as for the (1:1:1) E case, we compute the allowed range and best-fit value of the spectral index and flux normalization in (3) for the (1:0:0) S ∼ (2:1:1) E composition, as shown in Figure 1 . The corresponding number of events in each category for the bestfit γ = 2.5 is shown in Table I from which it is clear that the (2:1:1) E composition is in better agreement with the observed muon tracks, although the p-value is the same in both cases. Note that if the (1:0:0) S source is β-decay of cosmic neutrons, it will predict more events around 6 PeV, due to the Glashow resonance caused byν e e − interactions [53] . This feature can be used to distinguish (1:0:0) S from other flavor compositions [54] .
V. A TWO-COMPONENT SOLUTION
Assuming the existence of both (1:1:1) E and (2:1:1) E flavor compositions, it seems rather natural to consider a two-component flux:
with five hitherto unknown parameters, i.e. Φ 1,2 , γ 1,2 and a cut-off scale E 1 . Note that in the single-component case, there is no need for a cut-off [20, 55] , if γ > ∼ 2.2. However, if the apparent gap in the deposited energy spectrum between 300 TeV and 1 PeV persists, the single-component solution does not work, as illustrated in Figure 2 (dashed lines) and also in Figure 3 . A twocomponent flux (6) can easily explain such a gap, if E 1 < ∼ 1 PeV for the first component and the second component becomes dominant beyond E 1 . The cut-off energy E 1 may arise due to interactions of UHECRs en route to Earth or due to a natural acceleration endpoint [5] .
As an illustration of the two-component case, we consider a (2:1:1) E composition with γ 1 = 2.5 as the first component below E 1 = 1 PeV and (1:1:1) E with γ 2 = 2.2 as the second component above E 1 in (6). The resulting energy spectrum is shown in Figure 2 along with the 90% CL PDF uncertainty. We have chosen a harder (softer) spectral index for the lower (higher) energy component, since this gives a better fit to the data, as explicitly shown in Figure 3 . We find that the two-component flux better explains the key features of the current data, as compared to the single-component cases discussed above. In particular, the two-component solution provides a natural explanation to the muon deficit problem (see Table I ) and the energy gap just below 1 PeV (see Figure 2) . The p-value of the two-component solution is slightly lower, but we do not believe this is statistically significant. With more data in future, the two-component flux can in principle be distinguished from a single-component flux. For instance, with another 1000 days of data, the single-component best-fit solutions predict a total of only 4 events between 1-10 PeV deposited energy bins, while the two-component solution shown in Figure 2 predicts 7 events in the same energy range. Moreover, a more accurate measurement of the energy spectrum can distinguish our two-component hypothesis from other possible explanations of the gap, e.g. due to secret neutrino interactions [24] or due to the line-of-sight interactions of CRs emitted by blazars with background photons [9] .
VI. SUMMARY
Understanding all aspects of the IceCube UHE neutrino events is extremely important for both astrophysics and particle physics. Motivated by an indication of a muon deficit problem and an apparent energy gap as suggested by the 3-year data, we propose that a wellmotivated astrophysical flux with (1:0:0) flavor composition could be contributing simultaneously with the standard (1:2:0) flux from pion/kaon decays. We show that such a two-component flux could explain all the key features of the data within the SM framework, which is otherwise difficult to understand with a single-component flux. Given that so much is unknown about the dynamics of the UHE neutrino sources and that a precise knowledge of their flavor composition is crucial for a reliable understanding of the underlying astrophysical processes as well as for the particle physics interpretation, it is desirable to determine the flavor composition from experiment, as more data is collected at current and future large-volume neutrino detectors.
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VII. NOTE ADDED
Soon after our paper was posted, Ref. [56] appeared, also discussing the possibility of a (1:0:0) S source from β-decay of relativistic neutrons.
APPENDIX
In Figure 3 , we show the deposited energy spectra for a single component flux (3) with (1:1:1) E flavor composition and an unbroken E −γ spectrum for some typical values of the spectral index γ. The expected background of 6.6 +5.9 −1.6 atmospheric neutrinos and 8.4 ± 4.2 CR muons is shown by the black shaded region, which includes the systematic and statistical uncertainties as well as the 90% CL charm limit [3] . Our SM signal+background prediction is shown by the green solid line and the associated green shaded region includes the PDF uncertainty in the cross section as well as the flux normalization uncertainty at 3σ (cf. Figure 1) . The mild enhancement of events around 6 PeV is due to the Glashow resonance caused bȳ ν e e − interactions [53] . FIG . 3 . The SM signal+background events for an E −γ flux with (1:1:1)E flavor composition, along with their 3σ uncertainties (green shaded), for the IceCube deposited energy bins between 16 TeV -10 PeV. The IceCube data points (with error bars) and the atmospheric background (black shaded) were taken from [3] .
